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Abstract.

wc prcsmt volume mixing ratio  Imofilcs  of NO, NOZ, HNOS,  HN04,  NZ05, and

C1N03  and their  com])ositc  budget  (NOY), froln 20 to 39 kt[i, mcasud mnotcly  it~

solar occult, atioll by the J] ’I, Mld V lntcrfcro]ndcr  during  a lligh-altitude balloon flight

from Fort SuInncr, NW Mexico (35°N) OH 25 Scptcml.m  1993. In gcnmal,  obscrvd

profiles agree well with vducs calculated using a ]Aotochcrnical steady state Inodcl

constrained by simultaneous MkIV obsrn’atio]ls  of Iollg-lived prccursols  and aerosol

surface ama from SAGE II. The rncasurcd variatiou  of concerltrat,ions  of NOX (== NO

+ NOZ) and N20 5 Ldwwn suurisc and sunset reveals tllc cxpcctcd  x2: I stoichiolnctry

at all altit,udcs.  IlesI)itc rdativcly  good agrmncnt  Imtwccn  theory  and obsmwtion for

~)rofilcs of NO and HN03,  the obswvcd collcentratim of N02 hccolncs progressivdy

higher thau modd  valws below 30 ktll, with tllc discrcl)arlcy  reaching 33% at 22 kin.

Consequently, the olmrvations  suggest atl illcorn])lctc ulldmstandiug  of factors that

regulate tllc NO/N02  and N02/IIAT03  ratios below 30 k[n.

Data collcctd  during Sol)tcnll.)er 1993 at~d fliglits il) Sc~~tclnbcr  1990 aIId A]}ril

1 !)93 at 35°N rmmal a clccrcasc  in the NOX/NO,Y ratio for incrcasil]g  ammo] surface arm,

following the cruptioll  of h4t. l’inatubo. l’llcsc obsmvations  arc collsistcllt with tllc

hctcrogcncous  hydrolysis of N205 being the donlinant  sink of IXOX between altitudes of

18 and 24 kln for the mmountmcd conditions (e.g., surface area as high as 14 }{In2C111-s,

and tmmpcrat ure from 209 to 219 K).
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Reactions involving NO and N02 constitute the prilnary  procmss  for chemical

removal of stratospheric OS Ix.%wcm  altitudes of approximatc]y  24 to 36 kln [e.g.,

(?rzdzen,  1970; Johnston, 1971]. The abundance of NO, (= NO + Noz, regulates the

concentration of chlorine monoxide (CIO) as well as the ratio of 011 to 1102 in tllc

mid-latitude lower stratosphere for air uIlaffcctcd  by polar stratos])hcric  clouds [e.g.,

Wcnnberg et aL, 1994]. The partitioning of NOX rc]ative to NZ05 and IIN03, the

dominant reservoirs of the llitrogcm oxide fanlily of gases (hTOY, dcfi~ld  as the suln of

the concentration of NO,, HN03, HN04, 2“N205, CIN03, B1N03, N03, and HN02,, is

controlled by a variety of processes, including some occurring on the surface of sulfate

aerosols [e.g., Llcllh-oy  et al., 1992].

Incrcascd  aerosol loading following the eruption  of h4t. I’inatubo  in Juno 1991 lcd to

reduced levels of NOX, incmascxl  conccnttations  of CXO, and accclcratcd  pllotocllmnical

removal of 03 near 20 km consistent with the heterogmcous  rcact,ion of N205 + IIZO

being the dominant sink for NOX [e.g., Fahey ct al., 1!393;  Kawa d al., 1993; Salawitch

et a~., ] 9f)4a,h; Sti??lf)fie d al., ] 994]. ~~alloon-borne? in situ Obsmvations  of NO, hToY,

03, and aerosol surface area [Kondo  ct aL, 1997]; N02 and HNO~ [ Wcbskr et al.,

19!94]; and C1O, NO, and 03 [Dcssler d aL, 1993] each show a reduction in NO/NOY

for incrcascd  aerosol loading comistcmt  also writll chemistry drivm largely by the

heterogeneous hydrolysis of N205. ~]owmwr,  ground based observations of the decrease

ill the colulnn abundance of N02 and simultaneous incrcasc in column HN03 following

the eruption of Mt. Piuatubo  indicate the xmd  for additional hctcrogcmeous  sinks of

NOX to quantitatively account for the measured dccrcasc in N02/IINOJ [Kozkc d al.,

19!)4]. In situ  observations of NO, N02, C1O, and OS at mid-latitudes during; the slwing

of 1993 have rcvcalcd a troubling discrepancy in our undmstalding  the NT()/N02  ratio

near 20 km [Jaegl& et d, 1994], although more recent obscrvatiom  over a wider range

of latitudes reveal good agreement Lctwcen theory and observation of this ratio as well
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a s  the NOX/NOY ratio  [G’uo et al., 1997] .IJillally, an analysis of in situ obscrvatlicms  of

HC1 obtained frmn 1991 to 1996 suggests )I[:t(!log(:llc!olls  reactions other t,lla~l  N205 +

H 20 exert a dominant influence on the colll]msition  of tjllc luid-latitude stratos])hcrc

[ Webster et al., 1997].

The JP1, hflarkIV Ititcrfcrmnctcr  (h[kIV)  balloon observations rq)orted IIcrc

rcprmmt the first silnultancous  Incasurmllents of ~)rofilcs  for all lllajor NOY slmics ill

the same airmass  along wit]l the ir[ll}ortant  l)rccursors (e.g., 03, C114, IIZO, C2HG, IIC1,

CO) that allow a stringent coln~mrison  to calculated profiles. Irllltll(:rlllol[!,  rlooll, sunset,,

and sunrise profiles of NOX and N205 wmc Iilcasurcd  in the salnc airlllass, allowirlg  ttlcir

diurnal behavior to be cxamillccl.  Previous studies of diurnal behavior llavc either only

obtaincxl  measurcmlmts  ovm a lilllitcd  altitude range [ Webster  ct al., 1990;  KoTdo d

d, 1990], have not lneasurccl  all the relevant s~mcics [Roscoc d u1., 1990; C}la?lc:c: d d.,

1996],  or have not measured  thmn all silnultarlcously in the sal]lc air mass [Rwssfll  d

d., 1988; lii~uhmd  et d., 1996]

oar analyses of the hlkIV ol~s(!l\~z~tic)lls  test our u~ldcrsta~}dillg  of ~nmcsses that

regulate  (a) NOX, the component of the NOY that reacts  directly with 03, (1)) IIN03,

the dominant NOY spmics  at low altitudes, (c) N205,  the co~nl)oncnt  that links rcactivc

and rcsmwoir NOY, (d) HN04, a Illinor  reservoir that tests our understanding  of IIOX

(== OH+ HOZ), al)d (c) CINOS, the s~mics that couples rcactivc nitrogmi and chlorine.

Additionally j our study focuses on testing our understanding of the pro(:csscs that,

rcgu]atc  the concentration of NOX bctwcm  20 and 40 km altitude, for various dcgy cm of

aerosol loading ~mior  to and following the cru~)tiorl  of hit. I)illatubo. I’rofilcs of acroso]

surface area associated with cacll h4kIV flight originate  from Sttatosl~hcric Ammol

and Gas Experiment  11 (SAGE 11) analyses of zollal,  monthly-ll~call  ll~(:asllr[!lllc:rlts  of

extinction [ Ylw d at., 1994].
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Balloon Measurements

Th(! MkIV I1ltcrfmmlctcr  [ lbon, 1 991] is tllc lat,cst,  solar at)sorptlioll  1“7’IIi

Sl)cctrometcr  dcsigllcd  at JPIJ for tllc ~)url)os(! of rmnotcly Irlcasuritlg  atl[los~~ll(lric.

colnpositlion. Its high spectral resolution (0.01 cm- 1) and broad covmagc  (650-56X)

Cn-’ ) allow a large numlxn  of gases to bc IIlcasurcd  silnultancously, including N(), Noz,

HN03,  HN04,  N205, C1N03, 03, N20, 1120, C114, IIC1, IIOCI, CO, and C211C.

‘1’llc:  solal  irlfrart:d sl)cct,ra alla]yzc!d  irl t]lis work wrcrc acquired durillg tllrce ballooll

flights  from Fort Sumner,  Ncw h4cxico (34.5[’N,  104.2°W) on 27 sc~)tmnbcr  1990 and

25 %ptx!mbm 1993, and a flight from Daggctt,  California (34.8”N, 114.8°W)  m 3

A~xil 1993. I“or the 25 Sq)tcmlx!r  1993 flight,, volulnc  Inixillg  r a t i o  (vlnr) ~)rofilcs WCM

rctricvcd  from infrared spectra obtaillcd  duritlg ~myload  ascmt (near nom), as w(!ll as

sunset and the following sunrise, ~moviding  tl]e o~qmrtullity  to Ineasur[! the variatiolw of

NO and N02 during a daily solar cycle. Only sulmt s]mtra were availaldc for retrieval

of vmr p]ofilcs  for the other  flights. An una~mlizccl  s~mctral  resolution of ().01 CII1-  1

xvas cnnployccl  for ta~lgcllt  alt i tudes al)ovc N’28 k~ll, at which ~)oillt,  it u’as sw’it,cilcd

to 0.02 cln- 1 to allow more ra~)id samlding,  k(!q)ing the tjaligcnt  point, sq)arat,ion  of

succcxsivc  spectra in the 2 to 3 km rangy.  All flights of the h4kIV wcr(! accom~)anicd

by an in situ 03 UV photometer. ‘1’hc Subnlillimctx!r  Lirllb Sounder (S14S) instrulnmt,,

~~,~lic.l  Illcasllrcs  Cl~), ~~~, all(l  1j~)2 l)(:tli~~:~ll altit,ud~s  of  35 all{l so kI1l l)y Inicrolvavc

emission spmtromctry  [Stachnik d (L1., 1992],  flew 011 tllc satnc gondola fol tllc A~)ril

and Scptmnbcr  1993 flights. T h e  I“ar lnfrarcd  IJimh Olmrvitlg S~xxtrolnctcr  (FILOS)

instrulll[!nt,  which lll(!aSU1(!S  [)~1 bc!tw[!cn  35 and  45 kln by sill)lllillilll(!t(:r slmctrosco]ry

[Pickett and I’dmson, 1993], acco~n~)anicd  tllc h4kI\~  011 the Septemb(!r  1993 flight.
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Data Analysis

~’he hlkIV data analysis colwists  of two distinct  lJrocMlurcs,  whic]l am dcscritmd

further in Sen ct al.  [1996]. Bricfiy,  noll-linear least squares fitting is first used to

calculate the slant column abutldancc  for caell tatgct  gas in every slxxtrum. For gases

that absorb  in more than orlc slmtral interval, a weighted avcrafy! slant columII  is

calculated. These slant co]urnns,  together witli tllc ]tlatlrix of colnl)utcd gcolnctjriml

slallt path distanms, arc t]lcn solved to yield cc)llcc!lltri~tic~ll  ~wofilcs.  Altliough t,llc

tangent l)oint  separation is ty~)ic.ally  2 to 3 kl~~ at sunset al~d sunrise, tllc vltlr l)rofilcs

were rctrimmd on a 1 km vertical grid. l’here are two masons for this choice: ( I ) to lW

compatible with the in~mts to the slmctral calculations and (2) to maintain  the IIi.gh

vertical resolution of the lilnb  ~)rofilcs  illllnwliatcly below the balloon for whic]l t,allgcllt

~)ointj  sq)aration  is slnall and of the asc(!llt  profile for which tllc vertical sqmrat,ioll

bctwc!en  successive spectra was tyl)ically  only 0.9 kin.

The mol[!cular  parameters arc takm froltl tllc AThIOS lillclist  co~~lI)ilatioll  [Brow~~ ct

al., 19!JG],  baswl 011 FII’I’ltAN a~lcl ul)dated  wit,ll  Ilcw s~)cctrosco~)ic  lIl~:as(lrelllt:llt,s,  ~vllicll

incorporate the Iat(!st laboratory cross sections for N205 [Ca?~trell  d al., 1988], IIN04

[May  and Z%edl, 1993], and CIN03 [hell  et al,, 1992]. Tllc mtlilnatcd uncertainties ill

the accuracy  of the limlist ~)amtllctcrs  [B7YMJ7L d d., 1996] used for ATO Y gas  rct,ricvals

range from 8 to 10% for N() and N02,  15% for CINQ, IINO~, N205, and 20% for

HRT04. ‘Mc uncertainties for 03 atld N20 are =5(%.

‘1’hc errors of VIIII’ lmfiics rqmtcd itl this study rcprcscllt the 10 llleaslll’c!lll[:llt

~mcision  combined in quadratur~!  with these s~mtroscol)ic accuracies. Othm syst(!lllatic

mor terms such as pointing; and tcmpmaturc  uncertainties arc negligible  com~)arcd

wit, }l tll~s~ two: ~)oillt,illg  e~~ors  ~lav[: l)f:erl  ~ilillirlli~~{l  l)y fit,tillg tclll])crat,ur[~ illsclwit,ivc

(X)2 lines, and tcmp(!ratum  errors  minimized by using tcm~mraturc smwit ivc C02

lines. The mcasumnent  precision is calculat[!d  duritlg the rc!trim’al  ])roccss based oxl

considerations such as residuals ill spmtral fitting. in gcmral,  gases with numcrowi,



strmlg, well-isolated spcztral  lines (e. g., 0 3 , NO, N02, HN()~) yield lmcisions  itl

their rctricwccl vmr of typically =5(% of tfhc ~wak vnlr. Abram ci al. [] !396] report

sitnilar  uncmtaintics  in the accuracy of gases ]Ileasurcd  by ATh40S,  ol}tainm{  also usirlg

high-resolution infrared solar occultation spectra.

For NO and N02 , W11OSC collcmltratiorl  varies alo]]g the ]inc of sight duc to

the changing solar zmith  angle,  diurnal correction matrices wax: mlculatcd  Iy the

photochemical  model  dcscribcd Mow for conditions  (e.g., tcnlpcraturc,  03, a~)~)ro~)riatc

for tllc occultations [Ncux}ltlrc}~  ct al., 1996]. l’igurc 1 colll~)ares profiles of NO al~d

N02 retrieved  with (solid line) and without (dashed line) tlhcsc diurl[al corrcctiomo  1111(1

large fractional validations of NO at sumct result in significant diffcrcnccs  between its

two INwfiles, cslxxially  bc]ow 25 krll. IIowcvcr, for NOZ, wlme fractional variation  at

sunset  is smaller, the diurnal correction Inakcs little diffcrcrlcc.  II) fact, lCSS thau  1 ()%

error  is made by ignoring the diurnal variation of N02 for altitudes IW1OW 25 kin. 1’llcsc

results are in accordance with ~wcvious work OH diurlial comction  [}louy}~?~cr,  1980;

Iioscoe  (irM?  Pjjle, I !387; Ii~Lssdl ct (11., 1 9 8 8 ;  NC: IIX}LIL7C:)L (t (L1., 19s)6]. “J’lIcI clclllwlts  o f

these correction ]natriccs  arc siln~)ly ratios of calculated C[)llcc:lltratlic)lls  at diffcrcmt solar

zenith a]]glcs alld altitudes. Tllcrefore, tllc absolute values of model collcclltlat,ic)lls  aMI

not cxmlmunicatcd to the retrieval algoritlllnj illld  thcrcforc  catlnot bias tll(! rctricvcd

Imofilcs.  From the good  agrccmlcrlt  acllicwcd  b(!tfwccn  our photochmnical lnodcl and

z7t-sztu Incasumncnts  near t h e  tmninator  [Sakwitch  et cd., 1994b; NCUX}LUM;)L  d d . ,

1996],  w(! believe  that for N02, and for NO al)ovc 25 kin, t}lc diurnal comxtjims arc

not a significant source of uncertainty. TIIC good a.grccnlmlt  botlwcm  diutllal~y  corrcctccl

profiles for NO from 18 to 2(I kln lncasumi by A1’h40S and nearly silmlltallcous  z?l sitv

~neasuremcnts of NO suggests the diurnal correction ~)mcedurc yields accutatc  rctrimwls

at altitudes above 18 km [Ncx/dLuwll [!t al., 1996].



Photochemical Moclel

The photochmical  model has been used lmwiously in Itlally stratosjdleric  stludics

[c.g,, McElroy et al., 1992]. Reaction rates  and absoqd,ion moss sections arc adol~tcd

from the JP1, 94-26 compendium [DcMorc cl al., 1994]. TIIC abundancw  of radical (i.e.,

NO, N02, OH, H02, C1O, Bro) and mcrvoir  (i.e., HN03,  HC1, N205, C1N03)  &W(X

has km] calculated allowing for diutllal  variation and assurnirlg  a balallcc bct,wc(!tl

production and loss rates of each spccics  int(!gratcd ow!r a 24 hour ~wriod, for the

latituclc and tcmpcraturc  of the observations. Coxlccl~trations  of precursors (i.e., 03,

H 20, CH4, CO, C2H6),  the total abundance of NOY, and CIY (X HC1 + C1O + IIOC1 +

C1N03)  arc constrained to match observations of hlkIV and S1,S, which measured C1O

from the same gondola. l’hc tem~mratutc  pmfilc was obtained from the MkIV analysis

of temperature sensitive COZ absoq)tions,  and for September  1993 equaled 216, 222, and

230 K at 22, 26, and 32 km, rcspcctiw!ly.  ‘1’lK! ill~)ut 03 lm)filc is based on obsmvations

by MkIV, S1,S, and an in siiu UV photomctm  (F’igurc 2) and is cliscusscd in detail by

Oskrman d al. [1997].

All hdmogcneous  reactions on sulfate acnosols  bclicvcd  to affect I)artitioning  of

stratospheric NOY and CIY at mid-latitudes wm! includ(!d  in the model. I-I~~t,(!logc:tlc:c)lls

hydrolysis of N205 was assumed to occur with a reaction ~mobability  of 0.1 [DcMom ct

al., 1994]; the formulation of Ha71s07t  d d. [1996]  was used for the ll(!t(:logc!li[:o~ls  rate

o f  ~IhT03 ‘h Hzo; aIld thC fO1lnulatiO1lS  Of ~?alliS}la?lka?”a  a?ld  }za?lSOTL [1 gg6] W(!M! USC(I

for the remaining sulfate hct(!rogencous  reactions (HC1 + CIN03,  HOC1 + IIC1, and

C1N03  + H20). Kinetic parameters for IIO13r -t IICI heterogeneous reaction are fmn

Hanson a?d Ravishankara  [1995]. I)rofilcs of aerosol surface area originate froln zolml,

ll~ol~tl~ly-l~l(:all  observations of SA~E II [ Yue d al., 1994].



Results and Discussion

Accurate measurements of ozcmc arc a ~m:m]uisitc for quantifying our ll~l{lcrst}~ll(lillg

of nitrogy!n oxides. Not only does 03 directly affect t}lc NTO/ATOt a~ld N02/HhT03 ratios,

but  it also influences really otllm radicals (e.g., C1O, 011) that interact  with NOX and

NOY. Figure 2 SIIOWS  a comparison of the! SUIM% ])rofilc of OZOI]C measured by MklV orl

25 Septmnbcr  1993, aud ascmlt and dcsccnt profiles  obsmvcd  by the in sit2L UV s[!mor

on board  the same gondola. Tllc two i?~ situ IIlcasutemcnts  of 0s, obtaillcd  =20  hours

apart and separated by 200 km, agree to better than  .5(%.  This indicat(!s  relatively

quimmt conditions in the stratosphmc  during  t)hc! time of Obscrvatiolk,  t,y~~ical  for 350iN

during  fall. The  excellent  agrcmcmt  bctwccr[  tllc i?l situ and rctllotc obscrvatlions  of

03, better than 6% for all altitudes above  20 km, ])rovidcs confidence the 03 l)rofile

is not a major source of uncertainty in tho lIlodcl calculations of the ar)l)oltic~lll[lcllt,

of nit,rog(!u  oxides into Incmbcr slmcics. Sillc[!  all the gases Illeasured  by MkIV arc

analyml  with the same spectral fitting aud retrieval algorithlns,  the good agremtl(!nt for

0 3 atld also for N2 lends confidcvm that tile otht!r gases, for w]lich 110 direct validation is

~mssiblq  are also rctricvcd  accurat(!]y. “1’IIC cxcc]lcnt  a.grm!lllcnt  betumll  A1’MOS (Ilsil)g

a mcasumncnt  and data analysis technique sinlilar to hlkIV) aILd Z?L situ ll~c:~s~lrclI~c:llt,s

o f  N20, CH4, H2 0,  NOY, OS, CFCI1,  CF’C12,  CC14,  al

accuracy achievable by the solar occultation tmhniquc

NOY Partitioning and Budget

d SF6 fultha’ dcIIloI1stlatc! t,llc!

Cha7LfJ (!t d . ,  lwxia,b].

Observed and theoretical v!nr ~mofilcs of NOY spccics  at sunset am! illustrated ill

Figure  3. I’rofilcs for N@5 at sunrise arc also S} IOWU. Calculated ~mofilcs of NTOY s~)c!cies

not observed by MkIV (NTO~, B1N03, and HN02)  lI~ake only slnall contributions to tllc

total budget, and arc! t}lcrcforc not shown. Ow!rall, the agremucvlt  bctwc(!n  observed

and calculated profilm for all NOY slmics  is good. ‘1’hc!  only si.fylificant systwnatic

disagrt!cmmt  is for N~02 ldo~v 28 kin, whm!  measured values exceed calculated valum
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by up to 30%. For most of this altitude rallgc,  there is good  agrmmcnt  (bcttm t]lan

10%) bctwccm observed and calculated vmrs of NO and lINO~. Conscqumtly,  the

observed ratios N02/iY0 and N02/IIN03 CXCCCC1  thcorwtical  cstilnatcs  IN1OW  28 Iiln.

The appar(!nt disagreement bctwccn obsc!rw!fl  and modclwl NO at 20 klu could  result

from an ilnpmfect  diurnal correction,  which is not included in our cstir[latc of tll(! error

bars and could be very large! at this altitude.

The comparisons shown ill Figure 3 dmnonstratc!  good understanding of I[lost

react,iv[!  and photolytic  proccsscs that regulate  the abulldallcc of Ilitrogcll  oxides,

~)articulally for altitudes above  28 km. The C)IAWXWXI buildul) of N205 during  the Ilight

as well as its value  at the mwning tmninator arc silnulatcd  accuratc]y, suggcstillg the

coupling between NOX and HN103 is bcirg treated irl a realistic Inatlllcr  by tl~c lnodc].

Tho range of altitudes for which NO, N02, and IIIN03 am calculated to lx! tll(! dolllimtlt,

species of the NTOY family agmcs with obscrvatlions,  as does tllc conccntratiotl  of mch  gas

for these altitudes. This suggests the height d[!lmndcncc  of the conccwtration of at,olrlic

oxygen ald the phot,olysis  rate of NQ arc MI ncscntml accurately by tllc ]I]c)del al mvc 28

km, and the producticm and loss processes for 11 N03 arc rcprx!scntcd  ac.culatcly  at 10WC1

altitudes. The proper  treatment of llOX above! 28 km is sulq)ortcd  })y tllc agrcclncllt

bctwcwn observe.cl and theoretical IMofilcs  of Noz  and HN04 (Induced  l)y the rmction

of N02 with H0 2), as WCI1 as com~jarisom  with v!nrs of 011 and 1102 observed l)y

different inst)rw~ncnts  from the salnc gondola [Pickf:tl  ad I’f:t(:rsofL,  1996; 0stmna7L d

d., 1997] .

Two simulations of C1N03  arc! illustrated in Figure! 3. The nornillal  case (solid Iillc)

assumes a 7% yield  of HC1 froln C1O + OH and the MidlC~S~?l  d al. [1994] fomlulatioll

for the quantum yield of 0(1 D) frolll 03 I)hot,olysis, while tllc other  (dasllcd line)

assumes a O% HCI yield  atkd the Ddt40rc et al. [1994]  formulation of ()(’ D) quantuln

yield.  Only t}lc nomina} case is shown for simulatiorls of otlm s~mc.its, sillcc calculatml

profiles arc insensitive to the choice of these two kil)ctic  I)aralnctcrs.  ‘1’h(! vltlr ])mfile
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of’ C1N03  observed by h4kl V gcnmdly  lies lJctwccIi the two thwrctical  calcu]atiolw.

A 7% yiclcl  of HC1 was reported to bc consistent  with: (1) AThlOS olm!tvat,ions  of

HC1 aucl C1N03 [Mzchckc?L et al., 1996], (2) 1“11/S-2  mcasurcmmts of HC1 al~d HOC]

obta ined  during  26 Sq]tcmlxx  1989 [Chmwc ct cd., 1996], arid (3) S1,S lllc:i~sllrt’l[lc:llts  of

C1O during  the Scptcmlm  1993 balloon flight, [Ostmna?l d d., 1997]. While t hc hlkIV

lncasuremcnts  arc! not inconsistmt  with a 7% yield of IIC1, they suggest a srllallc!r  yield

for rc!asons nc)t fully understood [Jac.gld, 1995].

The photochcmical  model simulation sliowIl  in k’igum 3 have hem constlraincd

to lnatch  the total amount of NOY Illcasuml  hy hJkIV at cach altitude, as discussed

above  in the ~node] description section. hlkI\~ also obtains silnultaueous  measumnmt,s

of the concentration profile of N20, the source of NOY. k’igurc 4 illustratc!s  t,hc relation

lmtwccn NTOY and N20 obsmwcd by hlkIV, as wdl as the rclatiox~ mcasumd  by Z?L situ

instruments aboard the ER-2 aircraft at Ilorthcrn  Illid-latitudes durirlg l“(!l~ruary  ald

Novmnber,  1994.  l’hc z?l situ dcterlllination  of NOY is ascribed  a 10 tot,al Ullc(>ltaillty

of bctt,cr tlmn 10% [Fahey cd al., 1989], while! the i?L situ Illc?aslllt’l[l(:llt  of NZO has atl

c!stittlatcd 10 total uucmtaiuty  of 3% [Locwcnstci~~  et al., 1989].  Theoretically, NOY and

N 20 arc (!xpcxked  to exhibit a conlpact,  Ilcar lillcar  relation ill the lower stratosl)hm!

since  the rate for rc!clistributioll  by trausport  is snort, coltll)arcd  to ~)hotochmnical

l)rocluction  and loss of each quallt,ity  [PluTnJ  a?ld Ko, 1 992]. ‘1’hc two lllc:isllx(!l[l(:lltls  of

NOY vmsus N20 agree to within the ummtainty  of the olmnwatiom: each is collsistmt

with a slope of —0.07 for 160 < N20 < 310 pl)bv, silllilar to two dit[msiollal  Itmdcl

simulations [Keim et al., 1997]. These Colnparisons  corroborate the accuracy of the

h4kIV rctrif!vals  of the major NOY spccics  (e.g., lINO~, N02, and NO) for t,llc altitudc!s

at which they arc dominant. FurtJ]crInorc, the! h4kIV rdation also il]ustratcs  the

dccrcase of NOY with dmrcasing  N20 at altitudes above 33 klll, duc to tllc ral~id  (~vitll

respect  to transport) loss of NOY by the rcactiou  of NT +- N().



*

NOX Chemistry

‘1’lie reactions [Crutm7/, 1970; Johmto?L, 1971]

No +  OS -->

N02 + O  -+

Nc!t : ()+ 03 –)

constitute the primary chemical  loss ~Jroccss

altitud(!s of approximately 24 to 36 km [e.g.,

N02 + 02 (1)

NO+ 02 (2)

20~ (3)

for stratosldlcric  ozone I)ctjwccn

,Jucks {!t d., ~ ~!)6; {)StCVVl{Lll  (!t al.,

(4)

1997]. Understanding the lMoccsscs  that rcgulat,c NO, Noz, atld NOX is mlt,ral to

undcrstandillg  tllc chc!mistry  of stratos~dlmic 03. I,OSS of N() occurs ~)rilnarily l)y

rc!actioll (1), with a mall contribution from

NO+- C1O -+ Noz  + Cl .

limnoval of N02 occurs Inairlly l)y

(5)NOz + IIv + N() + O ,

which is much faster than loss by reactiou  (2) for altitudes Imlow 35 kIII. Sillcc

p~oduc.tion  and loss of NO and N02 occur ra~)idly,  tl)c ratio  of the! concclltratioll  of

these species is cx]mted  to bc described l)y the instatltallcous  value of

N() JN(),——
N02 = (k, . [OS]+- Iq . [m]) ‘

(6)

where  JNOZ is the IAotolysis rate of Noz,  and k] and k4 arc rate constarlfs for t,llc

mqmctivc  rcacticms.



Chaugcs  in NOX occur muc]l nlorc slowly tlmtl the tilne for equilibration of N() and

N02. Removal of NOX occurs Inainly by lmxluctiou  of NzO~ and IIN():I:

N02 + -  03  -+ N03 +- 02

N03 + N02 + N4 -+ N@5 + M

(7)

(8)

N20~ - t  1120( sulfat(!)  -~ 2HN():I (9)

N02 +- 011 +  h4 --) IIN():I +- hfl . (lo)

Resupply of NOX occurs by ~dlotolysis  of NZ05 atd IINO~, and by reaction of lIN():j

with OH. 13ctwmll altitudes of 26 ald 40 kII~, cl~allgcs in tllc ccJrlcc~llt,laticjlls  of NOX

and N205  arc cxpcctccl  to exhibit a 2:1 stoichiornctryj bmausc  NT205 is t IIC dol~)iilallt,

nightti~nc  r(!scrvoir of ATOX. At lower altitudes, tllc s~oiclliollictry  is cxl)mtcd  to cx(:twd

2:1 bccausc, mm though rcactiol~  (9) is the dolllillant process by whic]l NOX is collvcrtcd

to HhT03 [c!.g., it’lclWoy et al., 1992; $’ahcy ct al., 1993], a fraction of ATOX is collvcrtcd

to HN03  hy reaction (1 O).

hlkIV  observations of ATOX and N205 test, out ~lll(lclstarl(lillg  of the diurnal variat,ioll

of rcactivc  nit,rogcm.  h~casurc!d  comcntratiorw  of NOX and 2.NTjOh  at sunrise and sulmt

for three altlitudcs  arc shown ill F’igurc!  5. Also S11OWII  arc lnidday ll~(:asllr(:lll[:lits  of NOX,

obtained  during  balloo!l  ascclit and rctlricvm I usilg tlhc SaIIIC  ])roccdurcs as tllc sulwcl,

atld sunrise ~Jrofilcs,  t a k i n g  illto account tllc fulldaln[!rltal  diffkrellcc ill ol]sclvatiox~

gcolllctry.  Tile midday  ~m)fil(!  of N205 could  llot I)c rctricvcd  sil~cc  t}lc  airlllass lvas too

small to provide sufficimt  akwption  in ascmt slx:ctra.

Thcomtical  curves for the diurnal variatiml  of NOX and hT20~ arc SIIOWW also

in F’igurc 5. The  solid curves arc results of imlqmlldcnt  silnulations  collstraillcd  l)y



measured cxmccntratiom  of ~mcursors  at sunset, (ml line) and sullrisc (blue line),

assuming a  cloud-frcw  atll~oslJ~crc  with all albcdo ofO.24. ‘J’lIc slladcd rf!gioli indicates

the sensitivity of model results to variatiolui  ill albcdo:  higllcst values of NOX are

calculated assuming ]ligh altitludcj  highly absorbing clouds (allmlo=O.2),  wllilc lowest

values arc founcl  assuming highly rcfk!ctiug  clouds (allmlo=().8).  C,hangcs  ill allmdo  ~wwc

allowed to impact all photolytic  ~)rocf!sscs  (e.g., JNC),, }vllicll  aflccts tllc N()/hTOz rat,io

011 rapid time scales, as well as J1lNo~, which aflkcts  NT OX/ IIAT()~ on lollgcr  tillw scales)

and is meant to qualltifGy,  in a sirnp]c I]lmln(!r,  tilt! ullccrtaillt(y  of Inodt!l results associatml

with tllc ~J~otolytic  C]lvirollrn(!nt  cx~wricllcc!d  hy air l~arccls  during  the olmrvation  and

da~’s immediately ~mior  to it. ‘1’hc ;ltlllos~)llcrc’li:~s  cloud  free in the MklV field ofvimv

when the sumct spectra wc:s obt,ailmd (s]x!cllra  were rccordcd for tlan.gcllt llcight,s as

low ast3knl),  but contained lligll-altit,ll(lc  tllllll(lclstorlll cloll(ls clllrillg sllllrisc.

The results shown ill Figure  5 demonstrate a fundatnmtally  good ulldcrstalldillg

of tllc coupling bctwccll  stratosldl(!ric NOX and N.Q. Obsmvcd values  of NOX and

N20h agree with thcoly  at 32 kin, to withil)  tllc  l]l(:as~ltc:Illcllt  aIId IIIodcl l]]lcclt~lirlt,it’s.

Sil~lilarl~’,ol~ser~’ccl  valucsofNOX  at sunrise and N205 at sulwct  for 26 kItI agree ~vit]l

Inodc!l values. However, at this altitude olmrvatiom  of bot]l  NOX at Illidday  and

sunset as well as ~T205 at sunrise cxcm!d nlodc!] values, alt])ough  th(!ory and obscrvati[)ll

slightly ov~!rlap given tile Icsl)cctivc  lltlc(!Itaillti(:s. MkIV olmrvations  of variatiorls

in conccntratiom  of NOX and N20~ at both  26 and 32 kl]~ cxllibit the cxlmtcd  2:1

stoichiometry.  During sunset at 22 kin, observation of NTOX cxct!cd  theory, and NTZOJ is

less than th(!ory,  by amounts roughly consistmlt lvitjh  t,hc  cx]mct,ccl  stjoicllioI[]ctry.

As discussed previously t}lc only  significant discrq)allcy  in this study is t,llc tcndcKicy

of obsm’cd  N~Oz to (! XCMX1 Inode] values  below 28 km (e. g., Figut(! 3). Tll(! strong  atld

WCII defined  infrared  absoq)tions  of N02 mak(!  it onc of the II1OXC easily ~llcasur(!d  gas(!s

in the hlkIV  spectra. Two sq)aratc  bands at 1600”  and 2$)00 cm-l arc used to rctjri(!vc

N 0 2, and the r(!sllltillg~)rofilcs  arcc.onsistent  to bc!ttcr t}lan 10% for all altitud(!s, and



be,ttc!r than 5% MOW 27 km. ‘1’hc IMofilc of NOZ showu in I?igurc  3 is a wcight,cd

average of retrievals frol[l bot]l lMMICIS. TI1(:  good  agr(!(!In[ult  IX!tlw(!(nl  Ill[!asuld  a n d

calculated N 02 above 30 kin, whcm lmssure l)roadcwillg  of the N02  at)sorptioIl  f(!at,urm

is negligible,  indicates that errors  in the N02 lirlc st, rcngths  arc ulllikcly  to 1X tllv

cause of the discrq)allcy  at lower altitudes. A 40% i:~c.rcasc  in tllc ~JIcss~IIc-l)ICJaclc~lC!Cl

half-widths (PBIIW)  of the N02 lillcs would greatly ir[lI)rovc  the agrcclncllt  lwtwewl

calculated and ~ncasuml N02,  siucc its cffkct on rctricvc!d VIIIr would illcrcasc wit,ll

lnwssum. HowcvcI, this incrcasc cxcccds  the 15% uncc!rtaitlty  of tlhc I’I+IIW cstilllated

from laboratory mcasutmncnts  [BTOZWL ct al., 1996]. lleccllt  laboratory ~~lcas~llc~ll~c:llt,s  of

the PEHW of N02 (D.  Ncwnham,  R,AI,, lmrsonal  cc)ll~lllllliicatiol~,  1997) illdicat,c  that,

the actual values I:lay bc 10 to 15(% largm t}la]l  those used ill this analysis. Alt,hough

this would  clccreasc  the rctrimxxl  h4kIV N 02 col)ccntratiolw in tho 10WW stltlt,os~)ll(:l(:  l)y

%10%, a significant disagrmncnt  wc)uld  still rcl[)ail).

Our estimate of tllc total unccrtail~ty  of tl~c! h4kIV lll(~as~llc~rll[:llt  of ATOZ lwric!s

from 19% at 20 kln to 11 % at, 30kI11.  ‘1’llcucfore,  tllc discrc~mllcy  bctwmnl  olwcr~atiolls

and theory  is significant IM1OW 28 kill. Additionally, NT() and lINO~ arc Incasuml wit,ll

sufficient accuracy and precision in the lowc!r stratos~)hcwc that the discrq)allcy  betwc(!~~

theory and observation of hTO/hT02 and hT02/11  N03 is also largm that! th~! rrl(!as~lrc!~[~(~llt

uncertainty below 28 km.

Figure 6 illustrates co-located l~l[:asllt(:lllc!rlts  of hT(), NOZ a~ld their ratio I)y

IIALOE  (Version 18, 33.6°N,  11 O“W) 24 hours earlier and 100 kln distant froln the

h4kIV observations on 25 Sq)telnb[!r 1993. ‘1’hc IIAI,OE  I1l(!aslil(!ll~c!rlts  of N() arc imscd

on absorption in the 1900 cm ‘ -1 balld, the same as used b-y the hlkIV. T’llc II ALOF;

mcasutcmcnts  of N 02 am based on absoq)tion  in the 1600 cm-1 band,  ono of the

two bands  used in the h4kIV analysis. The csti~natx!d  total  uncertaiutics  of illdividaal

retrievals of NO and N02 by II AIJOU arc 40% and 26%, rqmctivcly,  at 22 kill [ CJo7dlc?y

CL al., 19961 Figures 7 and 8]. ‘1’hc :lmasurmcllts  of N(), NT02 and their ratio hy tllc
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two remote sensing instruments agmc to within 10% almvc 27 al~d 25 ion, rcslx!ctivc]y.

Thcorctica]  ])rofik!s am also shown in Figure (i. Ilctwcen 23 and 34 klll, the h4kIV atld

HALOE mcasumnmts  of Noz  are Imth larger than  the Inodc!l  values.  Below 23 klrl,

the larger  uncertainties associated with the ~]l(:as~lr(:l~l(>lltjs  lnakc  it difficult to draw ally

definitive conclusions.

T h e  disagrmncrlt  Ix!twccn  NT02 Incasurt!d by h4kIV alkd tllc calculatml v a l u e s

exhibits a silnilar  pattmm lvith  rqmct to altlitudc  for all bal]oon flights allalyzcd to

date, as shown in F’igurc 7. These flights salll~)lcd  air with substantially diffcrwlt lCW:lS

of aerosol loading, rcficctjing tlic relatively clc!ali  ~miod priox to the cm~)timl  of h4t.

I)inatubo,  and the subscquc!llt  build-u])  and dmlirlc of volcatlic  ammo]. ‘1’]lissuggcsts  tllc

N02 discrepancy  is not dated to transimt l)hmlolncna  such as the possil~lc  effect of N4t.

I)illat~lbo  aerosol olltlle  ~)lloic)l~~sisr at(:ofNC)z.  ]{c:ct:]it,A q'hi()S1[lcas[ir(!ll  lc?rltsc)  l)t,iii1lc!c]

in Nowmbm  1994 at high southmm latitudes with rclatiw!ly low amosol  Ioadillg  reveal

a similar ))attcrn  of excess N02 with rcslmct to Inodcl  ~)rofilcs [Ri?&nMl ci al., 1996,

Fi.gurc 3]. Similarly, rlighttillm lil(!asllrcll~(?l~tfs  of NT02 ol)taillcxl by lJV-Vis slm:trosm])y

in March 1994 at 44° N latitude also exhibit all cxccss o~’m calcu]atcd  values  ill t,hc 22

to 28 km altitude range [Rcnard CL al., 1997]. Ilowcver, ml atlalysis of carlim A1’MOS

obscrvaticms  obtainc!d  at mid-latitudm  during A~)ril/h4ay  1985 C1OCS  not reveal a sitIliIaI

discrq)ancy  for N02 [c.g., McElmj ct al., 1992, F’igarcs 1() and 12].

Figure  8 illustrates the variation with rcs~mt  to solar m~ith  angle of h4kIV

olmrvations  of NO, N02 , and the hT()/N02 ratio  at altitudes of 32, 26, and 22 kl[l. 7’lIc

Inodd simulatic)lw  arc similar to tllosc slIowm ill Figure 5, for sunset (IW1 lil)e) aILd sutlrisc

(Muc line) constraints and a cloud-free alhcdo of 0.24. l’hc slladcd rcgio~,s  rc~nwm,!

the sensitivity of calculatd  values to variations ill alldo as discussd  prcvioudy.  ‘1’lIc

olxervd  concentrations of NO agree with theory, to within the

model uncertainty, at all altitudes and times mcq)t for 26 km at

~mcision  of the miclday olmrvations  of hTO is lmor below 26 kln
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mass factor  of the ascent slwctra. Similarly, the! ]Ioontilnc  nleasurmnc!nts  of N02 hclow

27 km am not sufficiently acxuratc  or consist[!llt  to asccrtaitl  whcthm  t,hqv agrm  Lcttc!r

with th(! model, or with the 20-30% cxccss ovm the xIlodcl values at sullt”isc  and suns(!t.

1’11(! observed NO/N02 ratio  is 10WC1 tha~] Iilodcl values at sunrise alld suusct  fo~

altitudes below 26 km (Figure  8). ‘1’11(: calculatt!d  lJhotolysis  rate of NIOZ agrms  WK!ll  wit]}

photolysis  rates inferred from observations of tllc ditcct  atld diflim! f!ux c)f radiat,ioll

lmtwccm  300 to 775 nm froln the ER-2 aircraft [i14c1H701y  ct al., 1995] for solar z(!llith

auglcs as high as 80° at 20 km [C;ao  et al., 1997,  Figure 4]. ‘1’hcrcforc  tllc ~)llotolysis rat,~!

of N02 is unlikely to cause the discrq)ancy  ill N()/NT()z ratio  illustrated in I~igurc 8.

Since loss of NO at 22 kln by rcact,iml  with ():] l)rocccds  at a rat,c al)out four t,i~llcs fast,m

than  loss by reaction with C1O, at~d thcmy  al~d observation of C]() are in rcasollal)l[!

agrmmcnt  [Azdlo7~c CL al., 1993; Salawatc}l  et al., 19(14a; ChaTl~ ct al., 1 WMa], it is

uulikcly that uucmtailltics  in the kill[!tics of Icactioll (4) or itl the abundal~ce  of Clo

will rmolvc the dilemma posed by the observations of NO/NOz.

Figure  9 illustrates the  IcccIIIIIIlc:Iiclccl value for tllc rate cmwtaut  of tll(! rmctioll

NO + 03 from the JPI, compendium, as well as its nollliual  10 uucwt,aiIlty  [l~d407r:  d

al., 1994] as a function of iuvmc tmll~mratutc.  Also shown arc individual lalmratory

lncasurmcnts  used in tile dctcrmillation  of th[! IC~COItIIIICIIIClCCl ratlc. ‘~’~I(!  l(:COII)II1(:I1  (l(!(]

utlccrtaiuty  of the rate is XLO% for a tlclnpcraturc  of 220 K [DcMom et al., 1994],

comidcraMy  larger than the staudard deviation alxmtj tllc mean of the individual

mcasurcmcmts at this tmnperaturc.  Also SIIOWII is the rcactio]l rate rcquirccl to l)alallcc,

iu the almncc  of auy other  kinetic clla~lgcs,  tll(! Alo/Noz” ratio  observed Iy hlkIV at

suusct.  W(! do Ilot intend  to iml)ly by this figure that rate constauts  can 1}(: dctl(!rlnincd

froln atnlosphmic  I]leasurcmcuts.  It is IIlcrcly a wwy of illustrating t}l(! ~ll]~(:~ti~il]t~ itl tllc

model calculation, and its rclatiollslli~)  to laboratory aud atmospheric ohm vatims. ‘1’}1(!

rate rcquirml to balaucc  tho obsc!rved  N()/AT02 ratio below 23 k[n is laqyn than allowed

by the laboratory obscrvatiolw, aud cormqumtly  unccrtailkics  iu this rate am all



unlikely explanation for t,hc okm’ed  ratio at t]lc lowest altitudm.  Howcvcrl  it is dif[ic~llt,

to rule out, the possibility, based orl tile individual lalmratory  lllcasllr{~lllt}llts,  tllatj tllc

true rate of reaction  (1) is 20(% faster tlla~l  the rt:co)]lll][:]l[l(:(l  value fol t[!lIll)(’lat,~llcis

nc!ar 216 K, which WWuld cx]daiu the nlc!asured N()/NOz  ratios at sunrise and sulisct

bctwmm a]titudcs  of 24 to 32 krll.

In szlu observation froni the 1~1{,-2  aircraft of N() (by cll(!llli]llltlirl(!scc!  llcc!) a~id Noy

(by cl~cl~~ilull~i~lcscellcc  and by a ‘1’111,S) at, ~nid-latitudes obtaimd  duri]lg SI)ADE (May

1993) indicated a discrq)atwy  Imtwccll  theory and obs(!rvatioll  of the N()/N()z ratio

near 20 klu during  midday of %35(% [Jacgl<  ct al., 1994], but ill t,hc Opposik ,$C?MC of t}lc

discrcl)ancy noted for the MkI\~ occultatio]ls.  110wc~7cr, ltlor[! rcccnt lIl(:asllI(:rrl(~llts  of

NTO and N(32, obtained at mid-latitud(!s  near 20 ktn during  AS] 1011/h4AESA  (1’cbruary

to November, 1994) using tile in situ cllc![llillllllillc~  sc[\l~ct:  detector , agrc!c with the

theoretical ratio to better  than 8% [ Gao et al., 1997].

The h4kIV observations suggest a discrclmncy in our undcrstal~dillg  of the N()/NOz

ratio. For illustrative ~)ut]msos  oIlly, wc l~avc  calculated tllc abu IIdaIIcc of N’oy gases

at 22 kln allowing for a 40% rcductim  in JNc)l at all solar zmlitll allglcs, wl~icll  forces

agrccnlcnt  with the nlcasurcd  NO/N02 ratio. Results SIIOWW  in Figure 8 illdicatc that,,

mm though  the NO/NOZ ratio is simulated correctly, the model wducs  of Iwth N() a~id

N 02 remain significantly low(!r than  obscrvatioll. 7’0 sitll~lltal~c[)llsly  matc]l constrai]lts

posed by MkIV observations of NO/NOY, hT02/NOY, arid NO/hTOz  at, 22 kt[l requires

llot oxily a reduction in JNOZ (or, cquivalclltly,  all illcrcas(! itl k] ), bllt also cit,llcr a

rcductiou  in the rate of the hctcrogwl(!ous  liydrcdysis  of N205 [rcactioll  (1 ())] fro~n t,hc

rccomlncnclcd  rcactiox~ probability of 0.1 [l)d40rc ct al., 1994] to a value as low as (1.02,

or else accelerated  removal of HN03.

Lary et al. [1997] have postulated  tha t  hctm%(!ncous  ]M”occsses  occurl”ill.g  on t,~lc

surface of carbonaceous soot particl(!s  may co~lvcrt,  IINT03 to NTOZ.  If this lmoccss could

act rapidly [!nougll  to com~mte with tl~c loss of NTOX l)y reaction (1 O), it would oflcr all



explanation fhr the tmdcncy  of the h4kIV ol)sf!rvatiolw  of NToj to mcccd  Irlodcl values.

I“Iowcvcl, this reaction  would cause serious difficulties ill accounting  for a wealth of

obsmvations  of the NO/NOY ratio ol)tailml  from the 1’11{,-2 [Salawitch  ct al., 1994a,  b;

~ao CL al., 1997] as WC1l as our obscrvatiol] of the NO/liN03 ratio above 22 k[ll.

,Simultaneous ~ncasumncnts  of NO and NTQ I)y instrulllmts on the IiiI{-2  aml h4kI\’

forthcsamc airxrlasscs  (lllrillgtllc  u~)colning ~’01.AI~IS ca~a~jaignwill  holmfullyshwl

additional light orl our understanding of the ~)roccsscs  that regulate I’ioX.

The effect of Mt. Pinatubo  aerosols on lVOx

Itlcrc!ascs by factors of 20 to 30 ill the surface ar(!a of sulfate aerosol following t,hc

Juno 1991 eruption of Mt. Pirlatubo  [e.g., A4cCo7tr~Zck d d., 1 ‘395] rcduuxl  levels of NOX

throughout the stratosphere du[! to reaction  (lo), tho hctcrogmlcmls  hydrolysis of NT20L

[e.g., J’ahey ct al., 1993; Wehtw ct CL1,, 1994]. “1’llc  rcductliol) ill AT OX lml to illcr(!as(!s

in concentrations of CJIO and llOX, illcrwwitlg  tjtlc overall cfficicucy  of cataIytic  mlloval

of 03 by mactivc  nitrogm, chlorine, alld hydmgml  s~)ccim ill tjli(! 10WC1 strt~tc)sl>ll{:~(:

[e.g., Kim,ison et al., 1994; Ii%driguc,z ct al., 1994]. lhwvious  al~alyscs of obscrvatio~,s

of NO and NOY from t,hc ER-2 [F&y d d., 1993; Kazm c:t al., 1 993; Salawitch ct al,,

1994a,b;  Gao et a~,, 1997] suggested that reaction (10) is t,llc! donlillaIlt,  sitlk for NOX

thtougllout  l~~ucl]  of the lower stratosl)llcrc  following the crupt,ioll  of Mt. I)itlatulm.

Similar conclusions W(:M rcachcd l~ascd  011 alialysis of balloon-bomc  obscrvat,iol)s  of Noz

and IIN03  [ Wckstcr  ct al., 1994] as WC!ll as NO ald NOY [Ko7Mio d al., 1997]. Howc!vc!I,

Koikf!  et al. [1994] observed larger illcmascs  it) tllc COIUIIII1  al)undancc  of lIN():l, and

dcxxeasc!s in coluln]~  NOZ, than could  }M account(!d  for by rc!action (1 O) aloIle.  ‘1’lic

variation of in situ observations of IIC1 with aerosol surface area has been intmprctcd  as

cvidcncm  for a dominant illfluc!nm  by hctcrogctlcous reactions il~volving  11(;1 slid CIh~():j

[ W.cf5ster  et al., 1997]. Furthmnore , Solo7non d d [1 996] showed  that tll(’ okrvd

decline in 03 during  the past scwcral dccadcs, dllc to both  tjtlc build u~) of chlorine! froin
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industrial CJFC)S  and changes ill sulfate aerosol  loading, was about LO% largm t]lan

calculated by their  ti~’o-ciit[lcllsiollal  modol.  Similarly, KZTL?LZSO?L  d al. [1 WI] arc utlab]c

to account for the magnitude of tjhc olmrw!d  reduction of 03 following tllc cruI)tiorl

of hit. Pinatubo  when Lotll the radiative and chmnical  affects of volcaaic aerosol arc

considcmd.

\TTe ~mescn~t obsc!rvations  of NO, Noz,  and NOY by hlkIV for thrw IM11oo11 fligl~ts

mcountcring  vastly different Iev(!ls of sulfate aerosol loading. Thcs(! Ol)scl”vations

~movidc  a test of our und(!rstancling  of th(! hctcrogc!rleous  chmnistry  associated with Mt.

Pinatubo  aerosols on the NOX/NOY ratio.  WC seek to establish whctllcr  t hc! obsctvat,ions

lmvidc  cvidcmcm  that other  hctcrogcncous  sinks of NOX Imidcs rcactioll (1()) cx~!rt a

substantial influc!nce  011 the chemistry of tll(! lnid-latitude stratos~)hcrc.  If’ so, loss of’

{)3 due to Mt. pillatllbO aerosols would Iikcly cxcccd nlodc!l  Imdictions [e.g., ~’T’dhC!T’,

1992].

~rigurc 10 compares the measutcd  ~mrfik:s  of NOX/NOY at sunset to thcorwtica]

profiles for flights of MkIV during %l)tmt~lm 1990, Al)ril 1993, atld Sq)tcxnbcr 1993.

Also shown  arx! the profilm of sulfate aerosol surface arm associated with cach h4kIV

flight } dcwivcd from SAGE 11 zona], Inonthly-l]lcall  ltmasurctnmlts of cxt,il~ctiol]  ill t,l]e

visible and near  ulttaviolct  [ Yue d al., 1994]. ‘1’hc tllcwrctical  curw!s arc (mllstraitlcd  by

profiles of 03, H20, C114, NOY, IIC1 + CIN03 -+ IIOC1, twn~mratum, etc. n~casurcd  lry

h4kI\~  for each flight  and the SA~E II surface area ]mfile  shown in Figure 10. ‘1’htcc

model curves for NOX/NOY” arc shown for each flight: xcsults  of (1) a ~)urcly  gas ])~lasc

calculation (solid line), (2) gas phase + N20S hydrolysis (reaction 10) only (dottml  lillc),

and (3) gas phase -t- all hctcrogemous  rcactiotw (daslml  lilic). Calculated values of

tllc ATOX/NTOY  ratio am nearly idmtical  for th[! two hctcrogmlcous simulations lmausc

tlc~ilpcraturm  encountered dutirlg the thrm flights were too waml (209. 1, 211.0, alJd

209.1 K at 20 km fox Scl)trnnbcr  1990,  A~nil  1993,  atld S(!l)tmnbm’  1993) atld acroscd

surface areas too low for loss of NOX by the two hctcrogcncous  reactions i~lvolvirl.g
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C1N03  [e.g., liavishanka?’a  and IIanson, 1996]. The slnall diffmwncc b[!twcm the twu

heterogeneous simulations is ~mxlominantly  due to tlhc reaction of 13rN():~ + IIQ().

This reaction dms not bccornc  all cfficimt sink of ATOX for Icvcls of acmsol loading

mcountmcd  during  April 1993 and cc)lltc~I1i~)t)Itiry  levels of 13rY [e.g., 17.9 lJIJt,}’  at, 22

ktn for April 1993] uutil air ]mxx!ls rcac}l latitndcs  I) OI(!WHKI of 50°, WIICW tllc  lCSS

iIlt~Ils(!  ~)hOtOlytiC (YIVilOIIIIICllt I’(!sU]tS  iIl S1OW’(’.1  L’atf!S fOl COlll])(!til)g  ])10(!(!SS(!S [ ?’2(: (171(1

B7TLSS(!W, 1 996].

The height dqxmdcncc  of the observed NOX/NOY” ratio agm!s  fairly w(!I1 ~~itll

~)rofiles calculated using the heterogeneous  models, although the olm!rvcd  ratio CXC(!CdS

theory  bclwccn altitudes of 23 and 30 ktn. For this ralqgc  of altitudc!s,  the obscrvat,iolls

agmc mom closc!ly,  in gcncwalj  with the ‘gas ~dlas(!  only’ calculations. FoY alt, itudcs }X:1OW

23 ktn, mcasuml  values of this ratio agree well wit,ll  t,ll[! ‘ll(!tclc)g[!ll[:c)lls’  silllulatiolls

and arc appreciably smaller than th(! ‘gas ~)has(! olIly’ calculations, comistmlt  wit,ll

conclusions of numerous previous studies [e. g., A{cEIT(N} ct al,, 1992; DMS1C7 (d al., 1993;

Palwj  et al., 1993;  Wchtcr  et al., 1994; I{o7M1o d d., 1997].

It, is tenl~)ting  to contemldatc  t,llc cxist,crlcc  of a Ilcglcctcd  ~mcms t,lla(, coll\wt,s

HN03 to NOX, sLIch as hetmogencous  reactions ON soot as suggested by Lar-y ct al.

[1997], based on the comparisons S1}OWI, in F’igum 10. Likewise, a large rmluct,io,l  i,, tl~(

rate of reaction  (10) would also yield bcttc!r agrccrllcnt bctlww!n t}lcory atld ol)scrvatjiol~

of NOX/NOY Ix%wcc!n  23 aud 30 kin. Howcvor,  th[! ohscrvaticm  of excess NOX rx!lati~~c

t o  the ‘hctcrogcneous’ model ~mofilcs is caused ~wimatilyhy  th(! discrq)allcy  ill NTOZ,

as discussed prcwiously.  The obsc!rvcd  NT()/HNO~  ratio in this altit,udc rang,c  agIccs

well with ~mofilcs calculated usirlg lmblisllcd  rates for t)llc li(:tc~rc)g[:l~colls  rcact,ions  listlcd

above [e.g., Figutc! 3]. l’urth(!rmor~!, th{! ‘~lCtCIC)~(!ll(!OLIS’  Hlodd ]) L’Ofik!S  C)i ~OX/~OY”

agree with obst!rvcd values 1W1OW 23 knl, mm t)lough  the obsmwd  N()/AT02  ratio is

sill~ulatcd  poorly  [e. g., Figure  8]. lJnderstandillg  the cause of t,hc discrclmncy l~rtwwc~~

theory and observation of the NO/NOZ ratio,  wllicll sl~ould bc! in n(!ar iust arltancous
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(!qui]ibrium  with th(! value  of expression (5), is a ~nwrcquisitc  for gaining furtll(!r illsigllt

into the apparent disagrm!lnm]t for NOX/NTOY IMWCCII 23 atld 30 knl.

l’i.gure 11 quantifies the [Iclxvldmtce  of tllc NOX/ATOY ratio  011 ammo] surf am area

for each flight,. ‘1’he Inodc] curves  arc idmtical  to those shown in Figure 10. Ac!rosol

surface area is used as the abS~iSSa  for al] IIlodcl rc!sults, cvml though it has 110 bcaI”illg  011

the gas phase sinlulatioll. Tllc gas IAasc calculatioll  ca~)tums  tll(! Jlon-liu[!ar  dc~mld(!ncc

of  thct observed NOX/NOY ratio for surface atea  Icss than  =0.6  ~11112c111-”3,  I~riillalily

due to the influcncc  of 03, and colwist(!lltly  ovcqmdicts  the I[lagnitudc of t,hc ratio  at,

larger Wducs of surf am area. “1’hc abuIldallccofO~  controlsboth  tll(!aI)l)c)ltiolll[  lclllt,c)f

NOX bctwwcn NO and NOZ and t}lclligllttilll(  :forI[latiolic)f NZ05. Since tllc nigllttilllc

follrlatiollo  fN2C)50 cctllsl  >ytl][:rf :acti()~lof  N()zall(lN():i  (i.(:., (lllaclri~tically  clc~)c~l(lcllt

on iNOX), th(! NOX/NTOY  ratio is cx~mctc.d  to cvcntual]y 1.K:coII1(! il]smlsitivc  to illcr[!asm

in sutfacc  area beyond a critical value, ~]mvidcd NZOS + 1120 is tl;c doll~inant  sink

for NOX. The calculatiolwitl  Figure 11 suggest this critica] value is =4 I{1112CI[1-3  fbr

the conditions cncountcr~!d  during  tllc balloou flights. ‘1’llis  critical value togctllcr  ~~itll

the NOX/NOY ratio at saturation arc consistcvlt  with l)revious  balkml[  a~~d airborl~c

c~lcrIli]tllllillcsccIlcc okm’ations  of NO and NC)LV  [I)cssb et al., 1993;  }“(l)L(!~/  ct (d . ,

1993; Ko7do et al., 1997] and sugg(!st N20L + Hzo is tllcclc)l[litlalltsilikc)f  NOX fortllc

sampled air masses.

Conclusions

Olmuwations  obtained at ]nid-latitude (35C’N)  during  the Scl)t~!mbm 1993 ballom~

flight  of the J]>I. MkIV illtc!rfcrc)lll[:tcr,  and aerosol surface area basin] 011 SAGE II

cxtinctioli  mcasumnmlts,  havo bml (!xanlitlcd  to assess our understanding of the N’(),Y

budget  and pat’titioninp;of  NOY species. The variation of the! total nitrogc!l~  contmlt

fol the individual NOY spc!cies relative! to N20 agrms  w(!1I with i7L situ olmrvatio~ls

and lm!vious~y published  I’clations  found using two dim(!mional I[lodcls.  ‘1’hc hlkIV
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observations pmviclc all iml)ortant  test for Inodcls  since they cxtmd to collsiderably

higher altitudes than the Z?L situ obscrvatiolls.

h4kIV observations of NO, NOZ, and IINOS agree WC]] with theoretical ~)rofilcs for

the range of altitudes that each gas is the doillillallt  NTOY s~x:cics. Out obscrvat,iol~s of

the diurnal variation of NTOX and N20G exhibit C1OSC agtmncnt  with  tllc theoretical

stoichiomc%ry  lmtwcxm 20 and 40 ktn, suggesting the cou~)lillg  bctwccr~  NOX a~ld its

dominant, nighttime reservoirs is W C]] ulldcrstood.  Nlcasarcd vltlr l)rofilcs of all iNOY

spccics agree well with Inodcl  ~)rofi]cs,  mcc~)t that, tllc olm!rvc!d  abulldall(:c  of NT02 iti t,llc

lower stratosphmc  cxm!ds  calculated va]ucs by 20 to 30%. “1’llc  rcsult,ilig  ciiscrclxallcics

lmtwcen theory  and observation of the! N()/N()2  and N02/IIN():J  ratios  for altit,lld~!s

Lctwcwu 20 and 28 km am Iatgcr tllall the csti~l~atml  total uncertainty  (accuracy arid

l)rccision)  of the mcasutmncnts.  l’ublishml  unc(!rtaintim  in laboratory rllf!as~lr[~t[l(:tlts  of

the absoq)tion  cross scct,ion of N02 [Dcfi40m d al., 1994] and tllc rate of’ N() + 0:] alc

individually slnallcr  than the discrc~)ancy  for t hc N()/NT02 ratio below 23 lin~. IIomY!vcr,

a 10% increase ill the rate of NO +- O:j at cold tcllilmatllms, togctllcr  Ivitll  a 1 ()%

increase in the IJressutc-lJroa(lclLccl  half-widths of the N’oz lillcs, lmth of wl]icll  a])~mar

plausible, would lead to sul>stalltial  improvcnlmlt ill agrmnent  bctlwccn obs(!rvcd aud

calculated N02 iu the }owcr stratos])llcre,  but still leave a diffcnwncc!  of S1 O%.

‘1’hc com~)arison  Imtw(!cn

before (Scptclnber  1990) alld

]’inatubo  sugg[!sts that, AT20S

observation and

after (AIwil and

hydrolysis alone

ratio. Additional hctcrogcmous  reactions  do Ilot lmtur})  this ratio al)l)r(!ciably fol

surface art!a lx!low 14 ~tln2cm- 3 , for the tcra~mratjurm (209 to 219 K) of our ]nid-latjitludc

observations. Our allalysis of tllm! observations suggests hctcrogc!llcous  rcac.tiolls

involving  CIN03 alld HC1 am Ilot a si.gnificallt sink for nlid-latitude  hTOx, w]lich h a d

hcm a ~mssible explanation for tile quantitative alloll~alics of column NOZ a~~d IIN():,

prcscntcd  by Koih et al. [1994]. ‘1’h(! obscm’cd satllmt,ioll  of NOX/lXOY  I atio lill~its
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the incrcasc of C](I within the CIY rm!rvoir.  0stfmfm7L d al, [in ]Jrqmrat,ioll]  show

that NlliIV observations of HC1 and CIN03 at 20 km obtained  duritlg tllc swnc flig]lts

ate relatively insensitive to surfacm area, ~mvidi]lg  further eviclmce  that, lictcrogmlmms

rcaciiom involving C1N03 a]ld IIC1 do not procccd ra~)idly mlough to sigllificarltly  alt,cr

NOX or CIO for the salnplcd air ]nasscs. our obs(!rvations  suggest the dccliuc  ill lca(t,i~~{:

Ilitrogcn by volcanic aerosol is w’(!II  understood and that cat,astrq)hic  loss of OS duc to

massive cnhancemc!llts  in CIO [e.g., I?dhr,  1992]  al~(i  large mductious  ill llC1 [ Wch,stcr

d d., 1997] is unlikely for the cm’irolllIlenta)  conditions  encountered b~r thwx! balloon

frights.
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Figure 1. NO and N02 profiles at sumct of 25 Scptcmlxx 1993 with and without diurnal

comxtions. Ihror  bars have bcxnl  disl)lacx!d  in altjitudc for visual clarity.

Figure 2. Ozone vmr profiles mcasutcd  by i?~ situ lJV sensor during  lmlloon ascent  on 25

Scptcmbcr  1993 and dcscmt the fhllowing  day. hlkIV  measurement of O:j during  sunset  of 25

Scl)tcmbcr  from the same balloon gondola as tllc UV instrulllcnt  is included for colllImrisoll

between  tjllc  two mcasuremcllt  tccllniqucs.

Figure 3. Olmxvcd  (syml)ols)  aIld calculated (Ii]lcs)  vltlr l)rofilcs  of NOY a~ld lllcllllxx  sl)ccics,

as indicated,  measured at sulmt by MkIV at 35° N 011 25 Scl)tclnbcr  1993. Sullrisc lmofilcs  for

N205 arc also shown. l’he  NOY l)rofile rq)rcsmlts  only tllc sum of Incasumd  Ilitrogml  oxides.

Figure 4. ~oIrclation  of VIIIrS of NOY aIId N20 lilcasurcd  at sullsct l)y MkIV (25 S(!~)tclnlm

1993) and by illstrummts  aboard tllc ER-2 aircraft, (14 F’el)ruary  and 2, 4 NovcIIlbcr  1994. )

Figure 5. ‘1’hc midday, sunset aud sumisc  valms  for NOX and 2.N205 arc l)rcsellt,cd  for tile

altitudes of 32, 26, and  22 ktn. 1’lIc calculated values })lottcd illustrate tllc bcllavior  of t,llc

I1lodcl  (sunset: red lines; sunrise: blue lit~c)  during  tllc ~)criods  of MkIV lllt:as~lrt:lll~:l~t,  al~(l the

changes ill NOX due to variations ill albcdo.

Figure 6. HALOE  (triatq+xi)  and  M k I V  Incasurctlmkts  at sulisct o f  N O  and  N02  011

25 Scptclllbcl  1993. The measurcmmlts  have l)CC]I dis~)laccd  itl altitude for visual clarity.

‘1’llc  modeled profiles (solicl  line) of N() and N02 froltl a sinlulatioll  collslraixlcd  I)y MkIV

mcasurmmmts  of precursors is included for ccml~)arison.

Figure 7. The fractional diffcxmm  ill measured  and modeled NOZ for Scptemlm  1 W),

April 1993, Scptcmbcr  1993, aml May 1994 l)allooll  fliglks  of tile MkIV. Model siltlulat,io~ls

are constrained by the MkIV Illcasurcltlents  of In.ccursors  al)l)ro~)riatc  for each balloon flight.

Figure  8, Observed values of NO, N0 2, and N()/N02 during sunrise, lnid(l:iy,  and sullsct

dminp,  the Sq)tcndxl  1993 balloon flight. l’llc nlodel curves rc~)rcscllt  tllc satilc  simulations

illustrated in Figure  5.
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Figure 9. Measmml  and  reconllncndcd  r a t e s  o f  tlw rcactio)l NO +  0 3  -+ N02  + 02.

llecommmded  rate slid its e r r o r  i s  fro~tl  JI’1, 94-26. Mcasarcmcnts  a r c  slmwll with  t,llcir

resl]cctive  errors. Rcfemlccs  to individual Illcasurcltlcnlts  arc listed ill JI’L 04-26.

Figure 10. ‘1’hc ol)scrvcd  am] calcalatcd  profiles of NOX/NOY” as a fullctioll of altitude. l{csults

fronl tllrcc  balloon flights arc SI]OW  for difltirillg  lCVCIS of aerosol surface area: l)rc Mt. Pimtulm

cruptioll  (Ft. Sumner, Sept. 1990) moderate rccovcry from the cruptim  (Ft.  SuuIncr,  ScI)t.

1993), highly pcrturbccl  loading (Daggctt,  AI)r. 1993).  TIIrcc silllulations  dcscribc  wwli Imllooll

flight: (1) gas ~Jhasc  only (solicl  line), (2) gas I)lMNC and N205 ilydrolysis (dotted line), al~d (3)

gas phase and all hcterogmcous  rcactiom (dashed litlc).

Figure 11. ‘H)c observed and calculated profiles of Nox/NOY”  as a function of aerosol surface

area. Note cllallgcs  ill botli  abscissa aIld ordi]mt(!  scale ia tllrc[! ]EUICIS. ‘1’11(:  1110(1(!1 (:111 V(!s

rt!~)rcscnt  the same thmc silllulatiolls  illustrates i]) Figure 10.
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